Paracoccidioidomycosis (PCM) is a systemic mycosis, widespread in Latin America. PCM is a granulomatous disease characterized by a polymorphism of lesions depending on the pathogen's virulence, the immune status of the host and its genetic susceptibility. The thermodimorphic fungus Paracoccidioides brasiliensis was considered the only etiologic agent of PCM, yet recent works have shown significant genetic diversity among different strains of P. brasiliensis. Therefore, it has been proposed for a new species within the Paracoccidioides genus, named Paracoccidioides lutzii. To better understand the fungus-host interactions elicited by strains Pb01 and Pb18 as key representatives of P. lutzii and P. brasiliensis, respectively, we carried out studies to investigate differences in morphology, induced immune response, virulence and pathology between these two Paracoccidioides species. Our results demonstrate distinct patterns of host-parasite interaction and pathology caused by Pb18 and Pb01. These results open up new fronts for new clinical studies, which may result in significant consequences for the diagnosis and treatment of PCM. Considering that our results cannot be extended to all strains of both C The
Introduction
Paracoccidioidomycosis (PCM) is a systemic mycosis, widespread in Latin America, with endemic areas extending from Central America to Argentina [1] . PCM is a granulomatous disease characterized by a polymorphism of lesions, affecting different organs, in particular lungs, skin, lymph nodes, oronasal and gastrointestinal mucous membranes, suprarenal glands, and the central nervous system. Nevertheless, the development of lesions depends on the pathogen's virulence, the immune status of the host and its genetic susceptibility [2] [3] .
The thermo-dimorphic fungus Paracoccidioides brasiliensis has been considered, since its description by Adolf Lutz in 1908 [4] , to be the only etiologic agent of PCM. However, recent works have shown significant genetic diversity among different strains of P. brasiliensis [5] [6] [7] [8] . Analysis by randomly amplified polymorphic DNA (RAPD) has shown strong evidence of a high genetic variability between different strains of the fungus, demonstrating a possible correlation with virulence, geographic distribution and drug resistance [5] [6] [7] [8] . Phylogenetic studies by multi-locus sequencing type (MLST) of 65 strains of P. brasiliensis showed the existence of three different phylogenetic species (S1, PS2, and PS3) from two independent events of speciation, and have correlated them with the distribution pattern of these potential species [8] . S1 is the most widely distributed species, occurring in Argentina, Brazil, Paraguay, Peru, Uruguay, and Venezuela; PS2 occurs in Brazil and Venezuela, in sympatry with S1, while PS3 is restricted to Colombia [9] . According to Matute et al. [8] , P. brasiliensis strain 18 was grouped within the S1 phylogenetic group. However, Carrero et al. [10] could not include P. brasiliensis strain 01 in one of these groups, because this isolate clearly separates from all other Paracoccidioides isolates in phylogenetic analyses and greatly increases the genomic variation known in this genus.
Based on molecular phylogenetic and comparative genomic data, a formal description has been proposed of a new species within the Paracoccidioides genus, containing the "Pb01-like" clade. This new phylogenetic species comprising "Pb01-like" isolates was named Paracoccidioides lutzii, as a tribute to the Brazilian medical mycologist, Adolpho Lutz, who first described P. brasiliensis a century ago [9] [10] [11] .
Genetic differences in fungal species can be associated with different responses to the host, in addition to exclusive phenotypic characteristics such as virulence levels, resistance to antifungals, and rates of proliferation. Comparative lipidomic analysis of the P. brasiliensis cell wall demonstrated distinct patterns of phospholipids, fatty acids, glycolipids and sterols between Pb03 and Pb18 isolates [12] .
The immune response against P. brasiliensis is very well known; it is characterized by widespread lesions, a high titer of specific antibodies, impaired cellular immunity and granulomatous inflammatory reaction [15] [16] [17] . Conversely, the studies on Pb01 have focused on global gene expression and protein secretion [18] [19] [20] .
Considering the molecular and cellular differences as well as specific geographic distribution, several works have compared the most characterized strains of these species [21] [22] [23] [24] . Using the Galleria mellonella model, de-Oliveira et al. have shown that Pb18 and Pb01 differ in adhesion, adhesin expression and virulence [24] .
To better understand the host interactions triggered by P. lutzii and P. brasiliensis, we carried out studies to investigate differences in morphology, virulence and pathology in the murine model between the most thoroughly characterized strains of Paracoccidioides species, Pb18 and Pb01.
Materials and methods

Fungi and culture
The highly virulent P. brasiliensis strain 18 (Pb18) and P. lutzii strain 01 (Pb01) were cultured in liquid brain heart infusion broth (BHI) (Merck, Darmstadt, Germany) at 36 oˆC in a rotary shaker at 220 rpm for 5 days. Both species were recovered from animal host (BALB/c) with experimental PCM to maintain fungal virulence.
Mice and obtainment of cells
BALB/c mice (male, 6-8 weeks old) were housed with food and water ad libitum at the University of Brasília.
Peritoneal macrophages were aseptically harvested by washing the peritoneal cavity with RPMI medium, washed twice and adjusted to a concentration of 10 6 cells/ml using a Neubauer counting chamber. Bone marrow-derived macrophages and dendritic cells (BMDM and BMDC, respectively) were obtained as previously reported [25] . Briefly, femurs and tibias were flushed with RPMI-1640 to release the bone marrow cells. After lysis of erythrocytes, the bone marrow cells (2 × 10 5 cells/ml) were seeded and cultured for 8 days at 37 oˆC in 90-mm Petri dishes in a 10 ml/dish of RPMI-1640 medium that contained 50 μM 2-mercaptoethanol. The medium was supplemented with 20 ng/ml murine granulocyte-macrophage colony-stimulating factor (GM-CSF, Peprotech). On day 3, another 10 ml of fresh complete medium that contained differentiationinducing cytokines was added to the culture. On day 6, half of the medium was changed. On day 8, non-and loosely adherent BMDCs or firmly adherent BMDMs were harvested and plated in complete RPMI medium for experimental use. Flow cytometry evaluation indicated that BMDCs were 79% positive for CD11c and MHC class II, whereas the BMDM cells were 89% positive for CD11b and 81% positive for F4/80 (data not shown). All experiments were approved and conducted in accordance with the guidelines of the Bioethical Committee, University of Brasília.
Yeast cell morphometry
Medium containing the fungus was centrifuged at 800 G and then washed twice in phosphate buffered saline (PBS). Fungal cells were stained with Lactophenol Cotton Blue and observed by light microscopy (LM) under the optical microscope (Axio Image A1 -Carl Zeiss). Mother cells and budding cells, from each fungus, were then measured (n = 400). Pictures of the fungus were taken using the Axio Cam ICc1, and measurement was done with Axio Vision Release 4.7.
Scanning electron microscopy (SEM)
Fungal cells were fixed overnight at 4 oˆC in a solution containing 2% gluteraldehyde -2% in 0.1 M sodium cacodylate buffer, pH 7.0. The fungal cells were then rinsed in buffer and post-fixed with osmium tetroxide and potassium ferricyanide, washed, and then attached to a glass cover slip covered with poly-L-lysine. They were dehydrated in a graded acetone series, and critical point-dried with CO 2 .
The specimen was coated with a 2-nm thickness of gold in a Gatan Sputter Coater and then observed in a Jeol SEM operating at 15 Kv.
Transmission electron microscopy (TEM)
Fungal cells alone or co-cultured with macrophages were fixed and post-fixed as described above. 
Infection of peritoneal macrophages with yeasts and phagocytosis assay
Peritoneal macrophages (10 6 cells/ml) were stimulated with serum opsonized FITC-labeled yeast (P. brasiliensis and P. lutzii) at a cell-to-yeast ratio of 5:1 (multiplicity of infection, MOI: 5:1) as previously reported [26] and phagocytosis was allowed to proceed at 37
• C in 5% CO 2 for 120 min. Then the supernatants containing free yeasts were eliminated through PBS washes. Subsequently, the plate was kept on ice to stop phagocytosis. After trypsin treatment, the phagocytic cells were fixed with 4% paraformaldehyde, and they were labeled with 0.2 μg/ml anti-mouse F4/80-PE (Ebioscience). The quenching of external fluorescence, which distinguishes internalized from surface-adherent particles, was accomplished with the use of a vital dye trypan blue solution (500 μg/ml) [26] . Samples were analyzed by flow cytometry (FACSCalibur, from Becton Dickinson). The data were collected using a linear representation for the side scatter (SSC) and forward scatter (FSC) and a logarithmic representation for the fluorescent signals. The data were then analyzed using CellQuest software, from Becton Dickinson. As negative controls, the yeast cells alone labeled with FITC and the phagocytic cells alone labeled with F4/80-PE were used to determine the background of each fluorescent marker. Alternatively, peritoneal macrophages stimulated with FITC-labeled yeasts were stained with DAPI (SigmaAldrich) for nuclei visualization, and phagocytosis was also assessed by Confocal Microscopy (Leica).
Killing assay
Peritoneal macrophages (10 6 cells/ml) were stimulated with serum-opsonized P. brasiliensis and P. lutzii at a MOI of 5:1 and phagocytosis was allowed to proceed at 37
•ˆC in 5% CO 2 for 6, 24, and 48 hours. Subsequently, supernatants containing free yeasts were eliminated through PBS washes.
To recover the phagocytized fungal cells, macrophages were lysed with sterile distilled water and the suspensions, from different times of co-culture, were then cultivated on solid BHI medium, supplemented with 4% horse serum, 5% P. brasiliensis 192 (Pb192) culture filtrate and gentamycin 40 mg/l (Gentamycin Sulfate, Schering-Plough, Rio de Janeiro, Brazil), at 37 oˆC , for 15 days, when it was possible to quantify the colony forming units (CFU).
Measurement of nitric oxide (NO) concentration
The concentration of nitrite (NO 2 ) in cell supernatants was measured by Griess assay as described previously [27] . NO 2 concentration in culture supernatants was used as an indicator of NO generation and measured using Griess reagent (1% sulfanilamide, 0.1% naphthylethylene diamine dihydrochloride, 2.5% H 3 PO 4 ). Briefly, 100 μl of the culture supernatant was added to an equal volume (v/v) of Griess reagent and was incubated at room temperature for 10 min. Absorbance was measured at 540 nm using a microplate reader. The conversion of absorbance to μM of NO was deduced from a standard curve by using a known concentration of NaNO 2 diluted with RPMI medium.
Infection of murine BMDC and BMDM cell cultures with Paracoccidioides and cytokine measurements using enzyme-linked immunosorbent assay (ELISA) BMDM and BMDC monolayers were infected with 1 × 10 6 serum-opsonized P. brasiliensis or P. lutzii yeast cells in 24-well culture plates at MOI: 1:1 as previously reported [28] . Incubation with the fungus was conducted at 37 oˆC in a humidified 5% CO 2 atmosphere for 24 h for cytokine quantification. Following incubation, the cell-free supernatants of the BMDM and BMDC cultures were harvested and stored at −20 oˆC until the determination of the interleukin (IL)-1β, tumor necrosis factor (TNF)-α (both from R&D Systems, DuoSet kit), IL-10, CCL2, and IL-6 (Ready-Set-Go! Kit, eBioscience) concentrations using ELISA. The cytokine quantification was performed according to the manufacturer's instructions. The data were expressed as pg/ml ± the standard deviation (SD) of two to three independent experiments, which were conducted in triplicate.
Animal infection
After five days of fungal growth in liquid BHI at 37 oˆC , the male BALB/c were inoculated intravenously with 100 μl of a suspension containing P. brasiliensis or P. lutzii cells prepared at a concentration of 1 × 10 7 viable cells/ml.
Fungal viability was determined using Janus Green B vital dye (Merck, Darmstadt, Germany) and was always higher than 80%. In this study, we chose the intravenous route because it allows the establishment of a robust systemic and chronic disease, with granuloma in the lungs and in other organs, such as liver and spleen. Additionally, in these experiments the intravenous route reproducibility was higher when compared with the intratracheal route of infection.
Histopathological analysis and fungal burden determination in lungs
For evaluation of disease progress, animals infected with P. brasiliensis or P. Lutzii were euthanized after 5, 10, 15, 30, and 60 days post-infection. Lung fragments were removed and fixed in 10% formalin for 6 h, dehydrated in alcohol, and embedded in paraffin. Serial 5-μm sections were stained with hematoxylin-eosin (HE) to visualize the fungus and granulomatous appearances. The fungal burden in the lungs was measured by the number of colony-forming units (CFU) recovered from the lungs. Lung fragments were homogenized in 1.0 ml of cold PBS (pH 7.2). A total of 100 μl of the homogenates were plated onto brain heart infusion agar (BHI agar), supplemented with 4% horse serum, 5% P. brasiliensis 192 (Pb192) culture filtrate [29] and 40 mg/l gentamycin (Gentamycin Sulfate, Schering-Plough, Rio de Janeiro, Brazil). The Pb192 culture filtrate was prepared according to a published method [29] . The plates were incubated at 36 oˆC , and the number of colonies was counted after incubation for 7-30 days in plastic bags to prevent desiccation. Results were expressed as number of CFU ± standard error of the mean (SEM) per gram of lung tissue.
Experimental reproducibility and statistical analysis
All experiments were repeated three times independently. Data from each experimental group were compared using two-way ANOVA test and multiple comparisons with Bonferroni post-tests. All calculations and plotting were done using PRISM 5.0 (Graph Pad Software for Science, San Diego, CA, USA). P values were considered significant at P < .05. All values are means ± SEM or means ± SD when indicated.
Results
P. lutzii shows morphometric differences in budding yeast daughter cells when compared with P. brasiliensis
Using LM, TEM, and SEM, both yeast cells have the typical pattern of "old boat tiller" (Fig. 1) . The mother cells sometimes appear as globose-elliptical to globose, dense in microfibrils, rather globose, hyaline, smooth, surrounded by several budding daughter cells (Fig. 1C-H ). There are no significant morphometric differences between P. brasiliensis and P. lutzii mother cells, which range from 4 to 27 μm (Fig. 1A, B) , although P. lutzii presents smaller budding daughter cells. Comparing daughter cells, there are significant differences between the two isolates ( Fig. 1A-H) . P. lutzii daughter cells are homogeneous in a morphometric aspect and they appear mostly as globose to cylindrical-clavate, attenuating towards the basal portion where they are connected to the mother-cell, later becoming broad clavate to more or less globose (Fig. 1C, E , and G). Their diameter ranges from 1 to 16 μm (Fig. 1A, B) . P. brasiliensis daughter cells, in turn, are heterogeneous and can be presented either as described above for P. lutzii, or as elliptical-clavate attenuated at the basal portion where they are connected to the mother-cell, then becoming cylindrical-elliptical to broad elliptical (Fig. 1D, F, and H) . Their diameter ranges from 2 to 29 μm (Fig. 1A, B) .
Phagocytosis rate, fungicidal activity, and nitric oxide production is induced differently by P. brasiliensis and P. lutzii in macrophages
In order to investigate if the morphological differences between P. lutzii and P. brasiliensis influence the host-parasite interactions, we used flow cytometry to quantify accurately the association of macrophages with the fungal cells at an early time of interaction, comparing the percentage of phagocytizing macrophages stimulated with P. brasiliensis and P. lutzii yeasts. The FITC-labeled yeasts and the anti-F4/80 double-stained macrophages were observed as a distinct population on the flow cytometer ( Fig. 2A-B) . The infected and noninfected macrophages formed two distinct subsets of populations. The double positive cells were gated and corresponded to the macrophages that had uptaken the yeast cells (Fig. 2B) . P. brasiliensis was internalized by macrophages at a higher rate (22.9%) compared to P. lutzii (5.58%) and confirmed by confocal microscopy after 2 h of co-culture.
The interaction between Pb18 or Pb01 and peritoneal macrophages in vitro after 6h of co-culture was evaluated and the cells experimentally infected with Pb 18 (Fig. 2C-D) showed a highly vacuolated cytoplasm with several vesicles near to the phagosome, and the phagosome within fungi showed an electron-lucent cytoplasm that suggests a degraded cell state. On the other hand, the fungi also showed an irregular shape that can be associated with the cellular division process. The Pb01 inside the phagosome showed In addition, macrophage nuclei can be visualized by DAPI staining (blue) and internalized yeasts can be visualized by FITC staining (green) in confocal microscopy right slides; (c) Pb 18 inside a phagosome after 6h of infection, with a preserved cellular wall (arrowheads) and macrophage vacuolated cytoplasm near Pb18 and large vesicles close to phagosome (black arrows); (d) Detailed image of phagosome; (e) Pb01 inside a phagosome with granulated cytoplasm and preserved cell wall (black arrowheads) and several electron-lucent granules distributed through the cytoplasm (white arrows); (f) Multiple phagocytosis of Pb01 with granular cytoplasm and preserved cell wall (black arrowheads). Results are expressed as mean ± SEM ( * P < .05, * * * P < .001) of three independent experiments, which were conducted in triplicate.
preserved cell wall (Fig. 2E-F) . The Pb01 showed an irregular shape with its cell wall closely associated with the inner leaf of the phagosome membrane. The morphological aspects of macrophage infected with both fungi were similar, showing several vesicles near to the phagosome with strong morphological evidences of vesicle fusion with the phagosome (Fig. 2E-F) . Despite the higher rates of P. brasiliensis internalization, CFU counts remained similar for both fungal species at 6 h and 24 h after infection. Only at 48 h after infection did P. brasiliensis show a greater viability when compared with P. lutzii (Fig. 3A) . These results suggest that P. lutzii yeast cells are more susceptible to macrophage killing only after this time point.
We evaluated the production of nitrite as an indicator of NO production in the supernatants of cultures, since nitric oxide is the major product that macrophages use to kill ingested P. brasiliensis [30] [31] [32] . In fact, we observed a significantly increased production of nitrite in the supernatant of macrophages infected with P. lutzii at later time-points, which may explain the smaller amount of fungal burden after 48h of infection (Fig. 3B) . of three independent experiments, which were conducted in triplicate.
P. brasiliensis and P. lutzii differentially induce cytokine and chemokine secretion in bone marrowderived macrophages and dendritic cells
Using bone marrow-derived dendritic cells and macrophages (BMDC and BMDM) we evaluated the cytokine/chemokine profiles after 6 and 24 h of infection with P. brasiliensis or P. lutzii. The Paracoccidioides species differentially induced the production of all cytokines/chemokines analyzed, particularly 24 h postinfection, in either BMDC or BMDM (Fig. 4) . Specifically, both cell types significantly increased the production of IL-6, IL-1β, IL-10, and CCL2 when infected with P. brasiliensis compared to P. lutzii and control culture ( Fig. 4A-D) . On the other hand, DCs and macrophages hours at an MOI of 1. The data are expressed as pg/ml ± SD of two to three independent experiments, which were conducted in triplicate. ( * P < .05).
secreted higher levels of TNF-α when infected with P. lutzii (particularly 24 h post-infection) (Fig. 4B-D) . In this manner, P. brasiliensis is a more potent inducer of innate immune cells' cytokine secretion. It is noteworthy that both Paracoccidioides species induced a significant increment in the levels of IL-6, IL-10, and CCL2 after 24 h of infection, whereas the levels of TNF-α and IL-1β remained similar when compared with 6 h post-infection.
P. lutzii infected mice develop milder disease
The disease progression in the lung of infected animals was evaluated, after 15, 30, and 60 days of infection, by analyzing histopathological specimens stained with HE ( Fig. 5A-F) .
The animals inoculated intravenously with P. brasiliensis yeasts showed progressive inflammatory response in lung tissue that is directly related to fungal spread and proliferation. After 15 days of infection there was mild lung disease characterized by leukocyte infiltrate located in bronchovascular bundles. The infiltrate consists predominantly of mononuclear cells surrounding some yeast, forming granulomas (Fig. 5A) . At the 30th day of infection, impairment of the pulmonary tissue was more extensive, characterized by multiple granuloma formation with different sizes. These are located diffusely in the pulmonary parenchyma, with few epithelioid cells. Yeasts are found inside giant cells as well as necrosis at the center of the granuloma (Fig. 5C ). Lung damage is accentuated as the disease progresses after 60 days of infection. Granulomas are confluent, featuring epithelioid cells involving Pb18 yeasts (Fig. 5E) .
The inflammatory reaction in the lung tissue in response to P. lutzii infection showed no granuloma formation, as observed in animals infected with P. brasiliensis (Fig. 5B) . However, there is evidence of inflammatory reaction in well-defined regions, which was better observed after 30 days of infection (Fig. 5D) . The following days were characterized by an increased lymphocyte infiltration in bronchovascular bundles. The inflammatory infiltrates are also composed of small mononuclear cells with little differentiation, with rounded and hyperchromatic nuclei (Fig. 5F ).
P. lutzii is easily removed from the site of infection during the course of the disease compared to P. brasiliensis Using CFU counts in the lungs of animals infected with P. lutzii and P. brasiliensis, we observed that during the first five days after infection, mice infected with both species presented the same levels of CFU. However, after 10, 15, 30, and 60 days of P. brasiliensis infection fungal growth was sustained, while animals infected with P. lutzii showed a gradual fungus elimination at the site of infection, as evidenced by the lower colony forming units (Fig. 5G) .
Discussion
The high genetic divergence described in the genus Paracoccidioides and its implications for diagnosis and treatment [11, [13] [14] [32] [33] prompted us to evaluate differences in yeast morphology, the host phagocyte-fungus interaction and pathology caused by two prototype strains of P. brasiliensis and P. lutzii in vitro and in vivo.
It has been shown that P. brasiliensis and P. lutzii present particular morphological characteristics, especially conidia, which could be used for species diagnosis [9, 11, 34] . Regarding yeast cells, we show here, using optical, scanning and transmission electron microscopy, that Pb18 displays significantly larger daughter cells with no significant variation in size and shape of mother cells when compared with Pb01. The latter was characterized as presenting smaller budding daughter cells. In contrast, Theodoro et al. [34] described P. lutzii as having larger mother yeast cells, regardless of the evidently smaller budding daughter cells, when compared with different P. brasiliensis strains, including Pb18. This apparent contradiction may be the result of the different yeast cells' growth conditions and medium applied herein.
The pathogenesis of fungal infections involves several virulence factors that allow fungal survival and persistence in the host, such as: molecules adherent to host tissues and the extracellular matrix; the production of phospholipases, proteases and elastases; the ability to switch to metabolic pathways that are required for intracellular survival; thermotolerance; and the ability to exist in different forms and to reversibly switch from one to the other during infection [34] [35] . Such processes require components that may be present in different concentrations, depending on the species and sometimes on different strain of the same species. Besides the differences in adhesion, adhesin protein expression levels, and virulence [24] between the two species, another difference is the secretion of Paracoccidioides imunodominant antigen glycoprotein gp43. P. lutzii secretes lower amounts of gp43 in culture filtrates and probably in infected individuals, compared to P. brasiliensis strains, [13] which may represent profound changes in the host-parasite interaction. This glycoprotein has been associated with innate and adaptive immune response modulation as well as acting as a laminin and fibronectin receptor, thus favoring the adhesion, colonization, and propagation of the pathogen [36] [37] . Furthermore, P. brasiliensis with gp43 expression almost abrogated with the use of antisense RNA (aRNA) technology, and Agrobacterium tumefaciensmediated transformation showed reduced recovery from macrophage co-culture, suggesting diminished phagocytosis and/or increased killing [38] [39] [40] . Similarly, we show here that Pb01 is significantly less internalized at an early time point of macrophage co-culture and was more easily killed, as shown using CFU counts. This killing efficiency is associated with high levels of NO production, the major P. brasiliensis killing molecule [32] . Pb01 cultured in the presence of the nitrosative stress agent showed a reduction in the expression of proteins related to the mitochondrial electron transport chain as well as reduced fungi viability [41] .
Considering our results, we can conclude that the early internalization of Pb01 allowed macrophages to better activate the microbicidal mechanisms, with higher levels of NO and an efficient fungal killing. It has been shown that with the Pb18 infection in mice, susceptibility is associated with more efficient internalization and macrophage activation in the early phase of infection, while the delay in macrophage activation and NO production is associated with mice resistance [42] . Activation of macrophages and dendritic cells is one of the first events in the innate immune response to fungal infections. This activation occurs upon recognition of conserved components of fungal cells by germlineencoded pattern recognition receptors (PRRs) of the phagocytic innate immune cells. One of the major effects of this process is the production of pro-and anti-inflammatory cytokines that will dictate innate and adaptive immune response effectiveness in the fungal clearance. We show here that the Paracoccidioides species differentially induced the production of all cytokines/chemokines analyzed in either dendritic cells or macrophages. Specifically, the production of the pro-inflammatory cytokines IL-6, IL-1β, and CCL2 and the anti-inflammatory IL-10 increased significantly in both cell types when infected with P. brasiliensis compared to P. lutzii. Interestingly, monocytes infected with the P. brasiliensis highly virulent isolate Pb18 produced higher levels of IL-6, IL-1β and IL-10 than the less virulent Pb265 isolate [43] . Similar results were shown for neutrophils [43] [44] [45] . Thus, P. brasiliensis Pb18 isolate induces an environment with larger amounts of both proand anti-inflammatory cytokines that may produce disturbances in immunity, culminating in fungus survival. For instance, IL-6 production is associated with a significant increase in P. brasiliensis Pb18 isolate growth in monocytes [46] . The proposed mechanism involved the downregulation of TNF-α secretion and consequently impaired monocyte killing of P. brasiliensis, since this cytokine is critical for monocyte/macrophage fungicidal activation against this fungus [47] [48] [49] . In fact, IL-6 acts as a suppressor of TNF-α secretion, [50] and high levels of this cytokine are associated with disease severity in human candidiasis [51] . In this manner, the early higher induction of IL-6 (6 hours post-infection) by P. brasiliensis, leading to lower TNF-α secretion (24 hours post-infection), may be associated with the impaired fungicidal activity of macrophages when compared with P. lutzii at later times. Regarding IL-10, several studies have associated this regulatory cytokine with a compromised response to P. brasiliensis infection. Considered a macrophage deactivating factor [52] , the simultaneous incubation of IL-10 with either IFN-γ or TNF-α inhibits fungicidal activity of these cells co-cultured with P. brasiliensis. The suppression of fungicidal activity by IL-10 was associated with the inhibition of NO [53] . Again, similar results were obtained with neutrophils [54] . Furthermore, macrophages from mice lacking IL-10 infected with P. brasiliensis have increased phagocytic and fungicidal activities. Notably, IL-10 knockout mice develop early T cell responses, control the fungal growth in the lungs, and have increased survival when compared with sufficient mice. In this context, we suggest that by inducing a higher production of IL-10 in comparison with P. lutzii (Pb01), P. brasiliensis (Pb18) is more effective in the evasion of the effector functions of macrophages, as evidenced by the CFU counts. CCL2 is a chemokine essential for Th2 responses, whose overexpression is associated with defects in cellular immunity [55] . Interestingly, macrophages from the mice strain B10.A (highly susceptible to P. brasiliensis infection) produce high levels of this chemokine [42] . In contrast with P. lutzii, macrophages infected with P. brasiliensis produce a high concentration of CCL2 that would contribute in vivo to the suppression of T cell immunity and consequently the ineffectiveness of macrophage fungal killing.
DC is the major leucocyte that connects innate and adaptive immunity by producing cytokines that subsequently drive qualitatively different adaptive Th responses. In this context, protective immunity against P. brasiliensis has been credited to a balanced Th1/Th2 response, whereas Th17 immunity is deleterious [56] . DCs co-cultured for 24 h with P. brasiliensis secrete twice as much of the two main cytokines associated with the induction of Th17 immunity (IL-1β and IL-6) when compared with P. lutzii. This result suggests that, in vivo, a Th17-based response would ensue. In fact, exacerbated pulmonary inflammation, a central trait of Th17 immunity, is observed in mice infected with P. brasiliensis and not with P. lutzii. These mice after 30 and 60 days of infection show impairment of the pulmonary tissue characterized by the formation of multiple diffuse granuloma, with different sizes and few epithelioid cells. Furthermore, after 10, 15, 30, and 60 days of Pb18 infection, high fungal growth was sustained whilst animals infected with Pb01 showed a gradual fungus elimination, as evidenced by the lower CFU.
In summary, our results demonstrate distinct patterns of host-parasite interaction and pathology caused by P. brasiliensis strain Pb18 and P. lutzii strain Pb01. These results open up new fronts for new clinical studies, which may result in significant consequences for the diagnosis and treatment of PCM. Considering that our results cannot be extended to all strains of both species, more studies about the virulence among Paracoccioides must be explored in the future.
